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INTRODUCTION
In the late 1980's, the Washington State Department of Transportation (WSDOT) investigated various rehabilitation options for its aging Portland cement concrete (PCC) pavements. The PCC pavements in Washington state, like many states, were only designed to have a 20-year performance life. As of 1992, over 2,180 lane kilometers (1,355 lane miles) of PCC pavements have been in service for over 20 years and over 1,316 lane kilometers (818 lane miles) have been in service for 30 or more years. Since the majority of these pavements are on the Interstate system, they have also experienced anywhere from two to five times the original traffic design levels.
PCC pavements constructed prior to the 1970's were 230 mm (9 inches) thick, undoweled, with perpendicular transverse joints spaced 4.6 meters (15 feet) apart. In the 1970's, the joint spacing was changed to a skewed random joint spacing of 4.3, 2.7, 3.4, and 4.0 meters (14, 9, 11, 13 feet). For both joint designs, the transverse contraction joints are sawed to a depth of D/4 (where D is the slab thickness), and the longitudinal contraction joints are sawed to a depth of D/3. The longitudinal and transverse joint saw cut widths ranged from 5 to 8 mm (3/16 to 5/16 inches).
The majority of the PCC pavements have a crushed stone base, with a maximum aggregate size of 19 mm (3/4 inch). In some locations, the base material consists of asphalt treated or cement treated base. The majority of the shoulders have been constructed with asphalt concrete.
To date, the main form of distress has been joint faulting and longitudinal cracking in the wheel paths. Typically, in areas where the base and subgrade materials consist of good draining aggregate and soil (American Association of State Highway and Transportation Officials (AASHTO) A-4 (1) or coarser) the form of distress has been longitudinal cracking with minimal joint faulting. Where the base material consists of cement treated base or a slow draining base (10 percent or more passing the 0.075 mm (No. 200) sieve) and subgrade materials (finer than AASHTO A-4) the prevalent form of distress is joint faulting. In addition, WSDOT has also experienced joint faulting on roadway sections with asphalt treated bases. This faulting is caused by a reduction in support due to stripping of the asphalt treated base. Minimal cracking has occurred on sections with asphalt treated base.
Of the concrete pavements that have fatigued (longitudinal cracking), the cracks developed within 10 to 15 years of construction and have not required pavement rehabilitation. The faulted pavements have deteriorated at such a rate that rehabilitation of approximately 80 lane kilometers (50 lane miles) of dowel bar retrofit is necessary every year for the next twenty years. Prior to 1992, the common rehabilitation treatment for addressing distressed PCC pavements was to place a 100 mm (4 inch) thick asphalt concrete overlay. Since the major distress in the PCC pavement is joint faulting, reflective cracking of the asphalt concrete overlay was the main distress that caused future rehabilitation. The main concern for WSDOT was to better understand the mechanisms of faulting and the most appropriate and cost effective rehabilitation method.
In the early 1990's, WSDOT began to research the various rehabilitation alternatives that were being evaluated nationwide, as well as internationally. Work conducted in Puerto Rico and Georgia (2) by retrofitting the concrete panels with dowel bars showed exceptional potential. WSDOT determined that dowel bar retrofit would be a viable solution to its faulted concrete pavements. In order to verify construction and performance potential, WSDOT constructed its first dowel bar retrofit test section during the summer of 1992.
TEST SECTION OVERVIEW AND PERFORMANCE
The test section PCC pavement was originally constructed in 1964 and consists of 230 mm (9 inch) undoweled concrete on a crushed stone base (maximum aggregate size of 12.5 mm (1/2 inch and maximum of 10 percent passing the 0.075 mm (No. 200) sieve) with 4.6 meter (15 foot) joint spacing. The existing distress consisted of a few slabs with single transverse cracks, and joint faulting from 2 to 16 mm (3/32 to 5/8 inch).
A 600-meter (1,970 feet) test section, with each design feature measuring approximately 150 meters in length (490 feet), was constructed with the following four design features (3):
Dowel bar retrofit and diamond grinding, Dowel bar retrofit, 1.2 meter (4 foot) wide tied and doweled concrete shoulder, and diamond grinding, 1.2 meter (4 foot) wide tied and doweled concrete shoulder and diamond grinding, and Control section, which received no treatment except diamond grinding. The dowels used in the dowel bar retrofit process are epoxy coated, 457 mm (18 inch) in length, and 38 mm (1-1/2 inches) in diameter. A total of 8 dowel bars (4 per wheel path) were placed at each transverse joint. The dowel bar slots were cut to a width of 64 mm (2-1/2 inches), a depth of approximately 146 mm (5-3/4 inches) or as required to place the center of the dowel at mid depth, and an approximate length of 560 mm (22 inches) for bar placement. The dowel bars within each wheel path were spaced 305 mm (12 inches) apart. The first dowel bar in the right wheel path was placed 305 mm (12 inches) from the lane/shoulder edge. The first dowel bar in the left wheel path was placed 610 mm (24 inches) from the longitudinal joint of the adjacent lane. Figure 1 shows the details of the dowel bar retrofit placement.
The PCC shoulder was tied to the existing right lane with 16 mm (5/8 inch) reinforcing bars with a length of 762 mm (30 inch). Three epoxy coated dowel bars were placed at each transverse contraction joint (Figure 2 ).
Falling weight deflectometer (FWD) testing (for determining joint load transfer) and faulting measurements were conducted just prior to construction, two weeks after construction, and annually thereafter. Joint load transfer was calculated as the deflection of the unloaded slab divided by the deflection of the loaded slab times 100. FWD testing was conducted when the air temperature was less than 24°C (75ºF) so that the upward curling of the slab was minimized. The results of the joint load transfer efficiency and faulting summaries are shown in Figure 3 Figure 3 , there are several locations where the average load transfer changes dramatically from one year to the next (for instance in 1995 and 1999 for the control and tied shoulder sections, and in 2001 for both of the dowel bar retrofitted sections). These changes do not appear to correlate with the air temperature during the time of FWD testing, however, the test section is located in an area subjected to significant freeze/thaw effects. Since the FWD testing is conducted during the spring of each year, these changes are related to the effects of spring thaw rather than air temperature.
WSDOT began dowel bar retrofitting PCC pavements on a full scale in 1993, with only one change, all dowel bar retrofit projects would be constructed with three dowel bars per wheel path. This change occurred based on the results of the joint load transfer restoration study conducted in Florida (4). The Florida study indicated that three dowel bars per wheel path performed equally, in terms of faulting, as five dowel bars per wheel path. Therefore, based on economics alone, WSDOT choose to use three retrofitted dowel bars per wheel path as the standard. Table 1 shows a summary of the dowel bar retrofit projects constructed to date.
DOWEL BAR RETROFIT APPLICATION AND PERFORMANCE
WSDOT conducts an annual pavement condition survey on 100 percent of the state highway system. For PCC pavements, the following distresses are collected: International Roughness Index, cracking, patching, scaling, faulting, spalling and pumping. Of the above distress types, the most critical indicators of pavement performance are faulting and cracking. WSDOT has established the following pavement condition criteria for rehabilitating (or reconstructing) PCC pavements.
Average faulting less than 3 mm (1/8 inch) and the number of panels with multiple cracks less than or equal to 10 percent -do nothing Average faulting between 3 mm (1/8 inch) and 13 mm (1/2 inch), and the number of panels with multiple cracks less than or equal to 10 percent -dowel bar retrofit Average faulting greater than or equal to 13 mm (1/2 inch), number of panels with multiple cracks less than or equal to 10 percent, and average daily traffic less than or equal to 50,000 -dowel bar retrofit Average faulting greater than or equal to 13 mm (1/2 inch), number of panels with multiple cracks less than or equal to 10 percent, and average daily traffic greater than 50,000 -reconstruction Number of panels with multiple cracks greater than 10 percent -reconstruction The above criteria is based on American Concrete Pavement Association (ACPA) (5) and Federal Highway Administration (FHWA) (6) recommendations, as well as the technical expertise and pavement performance history in Washington state. In addition, ACPA, FHWA (7) , and the experience obtained on a WSDOT project indicates that it is more cost effective to remove and replace an existing concrete pavement when more than 10 percent of the panels require replacement. This recommendation is based on the higher costs associated with panel removal, required handwork, and traffic control items. In addition, this work is very labor intensive since extreme care must be taken when removing panels so as to not cause damage to adjacent panels that are to remain in place.
Dowel Bar Retrofit -Observed Distress
The following summary provides a brief description of pavement distress that has been observed on WSDOT dowel bar retrofit projects, specifically on interstate pavements. While the performance of DBR sections has been very good, areas of isolated distress have occurred. The majority of these distresses occurred on projects constructed between 1992 and 1997. Experience gained during the early years of WSDOT's dowel bar retrofit projects has led to significant improvements in construction practices and specifications. As a result, distress on dowel bar retrofitted pavements has been greatly reduced.
The following distresses have been observed: studded tire damage, cracking of the grout material in the dowel bar slot caused by retrofitting over an existing longitudinal crack, 45 degree cracking, and spalling. Each of these distresses are discussed below.
Studded Tire Damage
This type of distress ( Figure 5 ) was common on the first two projects, with the majority of the dowel bar slots exhibiting accelerated wear. The primary cause of the slot wear was due to the use of studded tires and chains in this area of Washington state (vicinity of Snoqualmie Pass) and an insufficient quantity of large stone aggregate. To reduce surface wear, WSDOT modified the aggregate size in the patching material from AASHTO Grading No. 57 (7) to AASHTO Grading No. 7. This change occurred in 1997, and since that time, no appreciable wear has occurred on any of the dowel bar slots.
Longitudinal Cracking
Existing longitudinal cracks that intersect dowel bar slots ( Figure 6 ) have caused isolated problems on several projects. This problem occurs when a dowel bar slot is located over an existing longitudinal crack. The failure mechanism is typically the debonding of the pour back material from the walls of sawed slots. To eliminate this distress, WSDOT recommends either aligning the slots to miss any existing longitudinal cracks or by not placing a dowel bar in this location.
45-degree Cracking
Normally, 45-degree cracking is not seen on WSDOT dowel bar retrofit projects, however, several hundred instances (Figure 7 ) of this distress were found on an eight-kilometer (five-mile) section. A forensic investigation was conducted to determine the cause(s) of the 45-degree cracking. The results of this investigated determined the following causes:
The slots were cut too deep causing cracking in the bottom of the dowel bar slot and placement of the dowel bar below the mid depth of the slab. Cores showed that slots were cut up to 178 mm (7 inch) deep on a 230 mm (9 inch) slab. Heavy (27 kg (60 lb)) jackhammers were used for concrete removal. Heavy jackhammers can punch through the bottom of slots during concrete removal.
As a result of these findings, WSDOT revised the dowel bar retrofit special provision to prohibit the use of any jackhammer greater than 14 kg (30 lb) and to ensure dowels are placed at mid depth of the concrete slab.
Spalling
Spalling is another common, but infrequent, distress (Figure 8 ). Approximately 19 joints per kilometer (12 joints per mile) are typically affected. In most cases, spalling is caused by the misalignment of the core board.
Diamond Grinding versus Roto-Milling of Concrete Pavements
The use of a roto-mill machine (using a triple head carbide mandrel) for re-establishing PCC pavement ride and texture has been suggested on a number of dowel bar retrofit projects in Washington state. This treatment has been evaluated on two separate projects, with similar results. As shown in Figure 9a , the diamond ground surface (diamond ground in 1995, photo taken in 1998) shows no damage to the transverse or longitudinal joint. While the amount of spalling that occurs on the transverse joint with the roto-milled surface, shown in Figure 9b , (roto-milled in 1996, photo taken in 1998) is unacceptable for long-term performance. In the roto-milled surface photo, the right lane (in the foreground) was roto-milled while the adjacent lane (in the background) received no treatment. As can be seen, the roto-milling process causes significant joint spalling. Over time, typically 3 to 5 years, the roto-milled surface develops an unacceptable ride. Therefore, due to the poor performance and the high risk of distress that occurs in the longitudinal and transverse joints (and potential damage to the dowel bar slots), roto-milling of PCC pavements is not a viable treatment.
LESSONS LEARNED (DOWEL BAR RETROFIT DO'S AND DON'TS)
Based on the construction difficulties and performance review of all dowel bar retrofit projects in Washington state, the following information summarizes construction related recommendations for minimizing premature failures of dowel bar retrofit.
Cutting Slots
Ensure that saw cuts are sawed to sufficient depth to place the center of the dowel bar at the mid-depth of the pavement. Saw cuts that are sawed too deep will contribute to corner cracks when traffic loads are applied. Slots should be aligned to miss existing longitudinal cracks. For ease of construction when gang saws are used, slots may be sawed but not retrofitted to miss any existing longitudinal crack. Non-retrofitted saw cuts should be cleaned and sealed with an epoxy resin. The alignment of sawcuts must be parallel to the roadway centerline. Dowel bar slots placed perpendicular to skewed joints will cause joint lock up and lead to cracking. Based on FHWA recommendations (7), sawcuts should be cut and prepared so that the dowel bars are placed within the following tolerances: − Placed within 25 mm (1.0 inch) of the center of the existing pavement depth. − Centered over the transverse joint with a minimum embedment of 200 mm (8 inches). − Placed parallel to centerline and within the plane of the roadway surface. − Horizontal position ± 13 mm (1/2 inch), vertical position ± 13 mm (1/2 inch), skew from parallel (per 457 mm (18 inch)) ± 13 mm (1/2 inch).
Removing Material from Slots
Jackhammers should weigh less than 14 kg (30 pounds). Jackhammers should not be used in a plane vertical to the PCC pavement surface. If used vertically, the jackhammer may punch through the bottom of the slot.
Sand Blasting Slots
All exposed surfaces and cracks in the slot should be sand blasted and cleaned to bare concrete to remove saw slurry, parting compound, or other foreign material.
A high-pressure water blast has been successful in cleaning the slots.
Cleaning Slots and the Adjacent Area
Compressed air should be used to remove concrete chunks, dirt, debris, water, and slurry from the sides and bottom of the slots. A physical check of the slots cleanliness (using a tool such as a scraper) should be made to ensure no slurry residue remains on the sides of slots. Concrete chunks, dirt, debris, and slurry residue should be cleaned 1 to 1.2 meters (3 to 4 feet) away from the slots perimeter. Otherwise, dirt is easily reintroduced into the slot during subsequent operations. All free water must be removed.
Silicone Sealant in Slots
Once the slots are cleaned, silicone sealant must be placed on the existing transverse joint within the slot area. The sealant should not extend 13 mm (1/2 inch) beyond the joint because excessive sealant will not allow the concrete pour back material to bond to the sides of the slot. Sealant should be placed to prevent any of the patching material from entering the joint/crack at the bottom or sides of the slot. Concrete surfaces, including the bottom of the slot must be dry.
Dowel Bars/Chairs/End Caps
The epoxy coating on dowel bars should be free of nicks and abrasions prior to use. To date, there has been no evidence (based on core samples and pavement performance) to indicate that corrosion of the epoxy coated dowel bars will occur over the 10 to 15 year design life. Dowel bars should be completely coated with an approved parting compound prior to placing into chairs. Dowel bars that have a factory-applied coating should be protected and free of dirt and debris. The factory-applied coating should be clearly visible, otherwise an additional application of an approved material must be applied. Dowel bars should not be coated once they have been placed in the slots as the sides and bottom of the slots will become contaminated. The core board that is positioned on the dowel bar is used to ensure that a joint is formed directly in line with the existing joint and to allow for the expansion of the pour back material. The core board (closed cell foam with plastic or poster board faced material) should be of sufficient quality to allow a tight fit to all edges of the slot during placement of the pour back material. Care should be given to ensure the core board extends beneath the dowel bar to the slot bottom.
The chairs placed on the dowel bars should be strong enough to allow full support of the dowel bar. Chairs should allow at least a 13 mm (1/2 inch) clearance between the bottom of the dowel bar and the bottom of the slot. End caps should allow at least 6 mm (1/4 inch) of movement at each end of the bar. End caps placed on each end of the bar reduce the risk of dowel bar lockup and are considered to be insignificant to the overall cost.
Placement of Grout
The pour back material should be placed in a manner that will not cause movement of the dowel bar within the slot. Pour back material should not be dumped onto the slots. Placing the pour back material on the surface adjacent to the slot and shoving it towards the slot allows the least movement.
Consolidating Grout
A 25 mm (1.0 inch) or less diameter vibrator should be used to consolidate the patching material.
Steps should be taken to ensure that the grout material is not over consolidated and that the dowel bar does not move during consolidation.
Striking Off Excess
The patching material in the dowel bar slots should not be overworked; this will cause mitigation of the fine material to the surface. The grout should be finished 3 to 6 mm (1/8 to 1/4 inch) above the pavement surface. The diamond grinding operation should remove the high spots and smooth the surface.
Diamond Grinding
Restoration of the surface should be done by diamond grinding. Diamond grinding cuts into the concrete aggregate to improve the surface and ride. Use of a roto-milling machine impacts the surface and results in the "popping" out of aggregate rather than cutting it. The roto-milling process causes significant damage to the joint.
Slurry Removal
The agencies environmental section should be consulted during the dowel bar retrofit design regarding concrete slurry removal. Some areas allow slurry to be placed on roadway slopes while in some areas, depending on environmental requirements, the slurry must be removed to an off site location.
Patching Material Requirements
Concrete patching materials should be prepackaged cementitious patching material and meet the ASTM requirements as shown in Table 2 . The amount of aggregate filler should conform to the manufacturer's recommendation and the aggregate used for extension material should be AASHTO Grading No. 7.
ADDITIONAL DOWEL BAR RETROFIT RESEARCH
A pooled fund project was established between the states of California, Minnesota, Texas, and Washington (9) . The intent of this pooled fund study is to: Share information on pavement practices including new design, rehabilitation, decisionmaking, and research Discuss how pavement-oriented research studies are identified, conducted, and implemented Discuss potential pavement-oriented studies of mutual interest One research project that developed out of the pooled fund study was the characterization of dowel bar retrofit performance. The primary contributors to this study will be the states of California and Washington, since both of these states have a substantial number of lane miles of plain jointed PCC pavement that were built twenty to thirty years ago, with similar designs. WSDOT has significant construction experience with dowel bar retrofit. Caltrans, through a well-established pavement research program with the University of California, has the ability to perform accelerated pavement testing with a heavy vehicle simulator. Therefore, a partnered research project to evaluate the performance capabilities of dowel bar retrofit was created in 2000 between the states of California and Washington.
The research project (10), constructed in January 2001 in Ukiah, California, retrofitted the existing transverse joints with dowel bars. The objectives of the research project are as follows:
Feasibility of dowel bar retrofit based on the condition of the existing slabs. Evaluate the load transfer restoration provided by dowel bar retrofit. Determine the expected life of dowel bar retrofit. Determine the mechanism of failure. Develop best practice procedures in the areas of design, materials, and construction. Identify appropriate rehabilitation treatments based on life cycle costs. A variety of tests are being conducted on this test pavement which include, but are not limited to, load transfer efficiencies, faulting measurements, curling measurement due to temperature changes, in-place material testing, deflections, and weather information (temperature, humidity, wind speed, and rainfall).
The primary benefits of this project are to provide information and tools to design and construct dowel bar retrofit projects for maximum performance and to determine whether and under what conditions dowel bar retrofit is the most cost-effective strategy for rigid pavement rehabilitation. In addition, this project will provide information regarding the most effective dowel materials, and the number of dowels to place in each wheel path.
CONCLUSIONS
WSDOT has significantly modified the design and construction of dowel bar retrofit based on 10 years of experience. Construction inspection is one of the primary factors for ensuring the success of dowel bar retrofit. One of the more critical construction activities is cutting the slot and removing the existing PCC. Cutting the slot too shallow or too deep (i.e. not placing the dowel bar at mid-depth) may contribute to increased stress on the bar resulting in corner cracking. Also, the use of heavy (more than 14 kg (30 pound)) jackhammers can cause punching through the bottom of the slot, resulting in increased joint failure. The other critical factor for successful dowel bar retrofit is in project selection. Dowel bar retrofit is appropriate on PCC pavements with less than 10 percent slab replacement and average faulting between 3 mm (1/8 inch) and 13 mm (1/2 inch). Based on these modifications and enhancements, dowel bar retrofit is considered to be a successful and viable alternative for rehabilitating faulting concrete pavements in Washington state. 
